Recent data suggest that detection of epidermal growth factor receptor protein by immunohistochemistry (IHC) does not predict response to the antiepidermal growth factor receptor drug, cetuximab, in patients with colorectal carcinoma. In searching for foundation for further investigation to optimize patient selection for cetuximab therapy, this study sought to exploit the tissue microarray and chromogenic in situ hybridization techniques to evaluate the status of epidermal growth factor receptor gene amplification in colorectal cancer and its relationship with protein expression by IHC. The study included 158 primary or metastatic colorectal adenocarcinomas. Immunohistochemical results were scored as 0-3 þ based on the intensity of membrane staining. The in situ hybridization signals were counted in 30 nuclei per tissue core. Overall, the rate of tissue loss was 7%, yielding 147 analyzable cases: 123 primary, 24 metastatic. Positive immunohistochemical staining of any intensity was detected in 85% (105/123) of primary and 79% (19/24) of metastatic tumors, whereas gene amplification (45 gene copies/nucleus) was only seen in 12% (15/123) of primary and 8% (2/24) of metastatic tumors. Only 2/15 primary and 1/2 metastatic tumors that showed gene amplification were amplified at a high level (410 gene copies/nucleus). Although a positive correlation was detected between the intensity of protein expression and the likelihood of gene amplification in both the primary (P ¼ 0.01) and the metastatic (P ¼ 0.05) tumors, IHC had a low specificity (17% in primary, 23% in metastatic) in predicting gene amplification. Conversely, all tumors that did not express the protein by IHC lacked gene amplification. Thus, this study shows that only a small fraction of epidermal growth factor receptor-positive colorectal carcinomas detected by IHC are associated with gene amplification. Additional studies are needed to determine whether epidermal growth factor receptor gene amplification bears any informative value in predicting response to cetuximabbased therapy.
The epidermal growth factor receptor (EGFR) is a member of the HER tyrosine kinase growth factor receptor family, and is involved in signaling pathways affecting cell growth. [1] [2] [3] [4] Recent studies have shown that EGFR expression is present in approximately 60-80% of colorectal carcinomas 5, 6 and the receptor has emerged as a rational target for anticancer therapy in these tumors. 2, 7 Cetuximab is a human-murine chimeric monoclonal antibody that specifically blocks the EGFR. Several clinical trials have demonstrated activity of cetuximab in patients with advanced colorectal carcinoma 3, 4 and the drug is currently licensed in the US and Switzerland for use in such patients.
Clinical trials on the use of cetuximab in patients with colorectal carcinoma have been performed exclusively on EGFR-positive tumors as detected by immunohistochemistry (IHC). This decision was based on the finding from preclinical studies that EGFR expression is needed for cetuximab activity. Consequently, immunohistochemical positivity for EGFR has been used as a criterion for patient selection. It has been noted, however, that no apparent relationship exists between the efficacy of cetuximab and the extent of EGFR staining in the tumor. [8] [9] [10] [11] Furthermore, response to cetuximab has recently been shown in patients with EGFR-negative colorectal carcinomas. 12, 13 Thus, the value of immunohistochemical detection of EGFR in selecting patients for treatment with cetuximab has failed to be borne in our clinical trails. An alternative methodology that offers higher sensitivity and specificity in predicting treatment response would be highly desirable.
Chromogenic in situ hybridization is a technique that can be used to evaluate gene amplification or deletion, chromosome aneuploidy, or chromosome translocation on tissue sections. [14] [15] [16] Studies on its use in archival breast cancer specimens have shown it to be a practical, cost-effective and valid alternative to fluorescent in situ hybridization in detecting gene amplification. 14, 17 Instead of using a fluorescent dye, chromogenic in situ hybridization uses a peroxidase reaction to detect the gene probe. The hybridization result can be visualized under a routine light microscope. Like fluorescent in situ hybridization, chromogenic in situ hybridization is performed on routine paraffin tissue sections; the gene signals are analyzed in the context of morphology and can be easily interpreted by surgical pathologists. Gene amplification can also be reliably identified in tissue sections where carcinoma cells are admixed with abundant non-neoplastic components. The use of chromogenic in situ hybridization in the evaluation of EGFR has been explored in archival gliomas, 18 but not in colorectal tumors. In gliomas, all tumors with EGFR gene amplification showed high protein expression.
Tissue microarray technique is also a relatively new technique. It allows rapid, high throughput expression profiling by IHC in archival tissues [19] [20] [21] and its utility has been validated by several studies using both epithelial and mesenchymal tumor samples. [22] [23] [24] More recently, tissue microarray has also been shown to be an effective method for the assessment of HER-2 gene amplification with fluorescent in situ hybridization or chromogenic in situ hybridization in breast tumors. 25, 26 In searching for foundations for further investigation to optimize patient selection for cetuximab therapy, we sought to exploit both the chromogenic in situ hybridization and tissue microarray techniques, and to analyze the frequency of EGFR gene amplification and its relationship with immuno histochemical protein expression in colorectal carcinomas by performing a comparative immunohistochemical and chromogenic in situ hybridization study on tissue microarray sections. We anticipated that results from such a study would help determine the feasibility of further clinical trials that use chromogenic in situ hybridization or similar techniques to predict treatment response to anti-EGFR therapy.
Materials and methods

Tumor Samples and Construction of Tissue Microarray
A total of 158 primary (130) and metastatic (28) colorectal, adenocarcinomas derived from 158 patients were randomly selected for this study. Two tissue microarrays were constructed using 0.6 mm tissue cores as previously described. 22 A hematoxylin and eosin (H&E)-stained section was evaluated for the presence of carcinoma and the area to be used for creation of the tissue microarray was marked on the slide and the donor block. Three cores of different areas of the tumor from a single formalin-fixed, paraffin-embedded tissue block were sampled.
Immunohistochemistry
Immunohistochemical staining for EGFR was performed on the tissue microarray slides using the EGFR pharmDx kit (DakoCytomation, Carpentino, CA, USA) according to the manufacturer's instructions. The stains were scored as 0 when there was no specific membrane staining within the tumor, and positive when there was any staining of tumor cell membrane above background level. The positive cases were further classified into 1 þ , 2 þ and 3 þ based on the staining intensity. The highest staining intensity of all tissue cores from the same tumor was used as the final immunohistochemical result for that tumor. Examples of negative and positive stains are illustrated in Figure 1a -d.
Chromogenic In Situ Hybridization
Chromogenic in situ hybridization for the EGFR gene was performed according to the manufacturer's (Zymed Laboratories Inc., South San Francisco, CA, USA) instructions. Briefly, the tissue microarray sections were incubated at 551C overnight. The slides were deparaffinized in xylene and graded ethanols. Heat pretreatment was carried out in the pretreatment buffer (Zymed Laboratories Inc.) at 98-1001C for 15 min. The tissue was digested with pepsin for 10 min at room temperature. After application of Zymed SpotLight s digoxigenin labeled EGFR probe (Zymed Laboratories Inc.), the slides were coverslipped and edges sealed with rubber cement. The slides were heated at 951C for 5 min followed by overnight incubation at 371C using a moisturized chamber. A posthybridization wash was performed the next day and followed by immunodetection using the CISHt polymer detection kit (Zymed Laboratories Inc.). Signal enumeration was performed under a standard light microscope using a Â 40 objective. The total gene copy numbers in 30 nuclei were counted for each tissue core, and the average gene copies per nucleus were used as results for that tissue core. The highest chromogenic in situ hybridization score among all cores was used as the final result for that tumor. The results were interpreted as follows: o5 gene copies per nucleus, no amplification; 5-10 gene copies per nucleus, low-level amplification; and 410 gene copies per nucleus, high-level amplification. Staining examples are illustrated in Figure 2a -d.
Statistical Analyses
Correlation between the immunohistochemical staining intensity and the level of gene amplification was tested using the Jonckheere-Terpstra test, 27 and a P-value r0.05 was considered significant.
Results
Tumors with at least two tissue cores available for scoring were included in the final analyses. Eleven of 158 (7%) tumors were lost during processing, including seven primary and four metastatic tumors. The reasons for failure were complete loss of tissue cores, less than 30 tumor cells available for scoring in a tissue core, and absence of EGFR signal. The absence of signal probably resulted from under-or overdigestion, since tissue digestion for a particular case cannot be controlled on a tissue microarray.
Of the147 analyzable tumors, 123 were primary and 24 were metastatic (six liver metastases, and 18 lung metastases) tumors. Overall, EGFR immunohistochemical staining of any intensity was observed in 105/123 (85%) primary tumors and 19/24 (79%) metastatic tumors (Table 1) . Of 
Discussion
The reasons why immunohistochemical detection of EGFR is a poor indicator of response to cetuximab may include a variety of biological and technical factors. The most critical concern is that the EGFR detected by IHC is not the form acted upon by cetuximab. 13 From a biological point of view, the EGFR signaling pathway is complex, 28 and it is possible that the level of expression of the receptor's ligands, the level of tyrosine phosphorylation of the receptor, or the expression of other downstream molecules, are critically involved in the action of cetuximab and therefore more predictive of treatment response than the total level of the receptor per se as detected by IHC. From a technical point of view, tissue processing and handling, 29, 30 the prolonged storage time of tissue samples 30 may allow certain catalytic degradation of cell surface receptors, resulting in altered protein expression. Furthermore, the clone of antibody used for IHC might also have different specificities for certain epitopes, and it may recognize an epitope on the EGFR that differs from the one to which cetuximab binds. 29, 30 Given the complexity of the EGFR signaling network and the technical restraints related to protein detection by IHC, an alternative approach to predict tumor response to anti-EGFR therapy is to analyze the EGFR gene status. Gene amplification, transcriptional upregulation, or abnormal receptor structure secondary to genetic alterations (eg, mutation or polymorphism) could potentially be reasons for EGFR overexpression, 28, 31 and therefore predictors of response to anti-EGFR therapy. From the technical point of view, the detection of gene signals would overcome certain restraints related to IHC such as storage time. It has been shown that EGFR staining intensity declines as the storage time of the tissue samples prolongs. 30 The preservation of the gene, on the other hand, would be much less of a problem. If the gene is not preserved, no gene signals will be seen in either the tumor cells or nontumor cells, and the case can be identified as having a technical problem. The chance of having a falsenegative result in this situation is therefore minimized.
Our data confirm previous observations 5 that a very high percentage of colorectal carcinomas (475%) have immunohistochemical positivity for EGFR. Clinical trials thus far have demonstrated a response rate of only 9-23% to cetuximab in colorectal cancer patients. 9, 10 It is evident that a considerable proportion of patients with EGFR IHCpositive tumors will not achieve significant benefit from the use of cetuximab. The frequency of gene amplification, on the other hand, is only 12% in primary colorectal carcinomas and 8% in metastases. The presence of a small but defined proportion of colorectal cancers that show EGFR gene amplification is in agreement with a recent report that used fluorescent in situ hybridization and IHC, 32 but differ from earlier studies that used Southern blot-or polymerase chain reaction (PCR)-based methods. In studies that used Southern blotting 33 or PCR, 34 no gene amplification was demonstrated in colorectal carcinoma cell lines or tissues microdissected from paraffin blocks, despite the presence of protein expression. Such discrepant results may be explained by dilution of tumor lysates by non-neoplastic tissues or sampling limitations since only a small fraction of EGFR IHCpositive primary colorectal carcinomas showed gene amplification as demonstrated by this study and by the study by Ooi et al. 32 Using fluorescent in situ hybridization and IHC, Ooi et al 32 showed that only 21% (11/53) of EGFR IHC-positive (1 þ , 2 þ or 3 þ ) colorectal carcinomas showed gene amplification.
Our finding that many EGFR-positive colorectal carcinomas as detected by IHC (including 67% of IHC 3 þ tumors) do not show gene amplification suggests a poor correlation between EGFR protein expression and gene amplification. Although the few tumors (3/147) with foci of high-level EGFR gene amplification all showed intense immunohistochemical staining in the same foci, the tumors with low-level amplification showed immunohistochemical positivity ranging from 1 þ to 3 þ . The data demonstrate that EGFR expression as measured by IHC does not predict gene status. This contrasts the status of HER2 in colorectal carcinomas in that HER-2 overexpression by IHC is highly correlated with gene amplification. 35 Given the fact that EGFR gene amplification is detected in only a small fraction of EGFR IHCpositive colorectal tumors, and similar proportion of patients with EGFR-positive tumors responded to cetuximab-based therapy, it seems plausible to test the paramount question whether EGFR gene amplification is a better predictor of response to anti-EGFR therapy with additional clinical studies. However, our finding that none of the tumors that did not express EGFR by IHC showed gene amplification seems to suggest that gene amplification by chromogenic in situ hybridization may not be a reliable indicator either. This argument arose because of the recent demonstration that a small proportion of EGFR-negative colorectal cancer patients also respond to cetuximab-based treatment. 13 The lack of any gene-amplified tumors in the IHCnegative group in our study suggests that chromogenic in situ hybridization would have missed the same fraction of IHC-negative tumor patients who might respond to cetuximab. The number of IHCnegative cases, however, is rather small in our study, as is the number of patients with EGFR-negative tumors that have been studied for response to anti-EGFR therapy. Obviously, a clear answer to the utility of gene amplification in predicting treatment response requires further investigation.
To our knowledge, this is the first study to use chromogenic in situ hybridization for the detection of EGFR gene amplification in colorectal carcinomas. The interpretation of in situ hybridization signals in these tumors requires caution, largely owing to the fact that colorectal carcinoma cell nuclei often overlap and form pseudostratification. High-level amplification is often easily discernible even when the nuclei are crowded. However, lowlevel amplification with o10 signals per nucleus requires careful signal enumeration. Areas of nonoverlapping nuclei should be chosen for enumeration whenever possible. However, it is sometimes unavoidable to perform signal enumeration in an area of overlapping nuclei. In such instances, it is more accurate to count the total number of nuclei in a small area and the total number of signals in these nuclei, instead of enumerating each nucleus individually. Despite these technical restraints, chromogenic in situ hybridization is generally a simple and practical technique to study gene amplification.
In summary, EGFR gene amplification is much less frequent than protein expression measurable by IHC in colorectal carcinomas. IHC has a low specificity in predicting EGFR gene amplification in these tumors. Further investigation is needed to determine whether EGFR gene amplification bears any informative value in predicting response to anti-EGFR therapy.
